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bstract
Intermetallic alloys based on gamma-titanium aluminide are now regarded as promising candidate materials for high temperature applications
uch as for aerospace, marine and automotive engine components, due to their high specific strength and modulus. Their oxidation resistance is
ood, especially at intermediate and high temperature; oxidation resistance can be obtained up to 800 ◦C. One critical area of application is in
ombustion engine in aerospace vehicles such as hypersonic airplanes and high-speed civil transport airplanes. This entails the use of hydrogen as a
uel component and it has been widely reported by researchers that these materials exhibit environmental embrittlement in the presence of hydrogen,
ence the diffusivity of hydrogen and the effect of hydrogen to the mechanical properties of -titanium aluminide is significant and technologically
mportant. A fair amount of research has been carried out to investigate the influence of hydrogen in -titanium aluminide. Some researchers
eported that 2 and lamellar phases had major influence on the susceptibility of hydrogen to alloys, while hydrogen is too low to penetrate the
-phases. This research focused on the effect of different microstructures obtained from various heat treatments to the diffusion coefficient and
echanical property after hydrogen absorption. Modification of -titanium aluminide can be achieved by heating as-cast binary samples; Ti–45%
l up to 1200 ◦C (above the Te line) and cooled in three different ways: quenched, air-cooled and furnace-cooled. All samples were then subjected
o corrosion attack under cathodically charged with galvanostatic mode for 6 h. The potential variation with time was monitored from these data the
alues of the diffusion coefficient of hydrogen to -titanium aluminide. D was calculated based on Fick’s second law. This result was compared with
hat obtained from micro-Vickers hardness profiling, which was measured at cross-section area per depth from the top surface corroded. Hydrides
ormed at the surface were analysed by using image analyser, scanning electron microscopes (SEM) and X-ray diffraction (XRD) equipment. The
esults showed that different microstructures have an effect on the diffusion coefficient and mechanical property after hydrogen absorption.
2006 Elsevier B.V. All rights reserved.
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. Introduction
Gamma-titanium aluminide alloys are excellent candidate
aterials for application in aircraft engines due to their improved
igh temperature properties over conventional titanium alloys
1,2]. Their oxidation resistance is good, especially at interme-
iate temperatures and with suitable alloying additions, good
xidation resistance can be obtained up to 800 ◦C [3,4]. One crit-
cal area application of titanium aluminide that expose to highly
ydrogen environment at low temperature is in aerospace vehi-
les such as hypersonic airplanes and high-speed civil transport
irplanes, this entails the use of hydrogen as a fuel ompo-
ent. Other applications are in chemical storage tank such
s acid or hydrogen storage tank, chemical industry medi-
al profession, their exposure to hydrogen is inevitable, as
∗ Corresponding author. Tel.: +60 7 553 4855; fax: +60 7 556 6159.
E-mail address: esah@fkm.utm.my (E. Hamzah).
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oi:10.1016/j.jmatprotec.2006.03.141hown in Fig. 1 [5,6]. Consequently, a good understanding
f the behaviour of these materials in the presence of hydro-
en is fundamental both from scientific and technological per-
pectives. A fair amount of research has been carried out
n the influence of hydrogen in gamma-titanium aluminides
7–9]. While it is generally acknowledged that the solubility
f hydrogen is low in the -TiAl phase (tetragonal structure)
n comparison with the 2-Ti3Al phase (hexagonal structure)
10,11]. Thus, the objective of the present investigation is to
etermine the diffusion coefficient of hydrogen in heat-treated
i–45% Al and see whether the variation in microstructure
ffect the diffusivity of hydrogen. This result will be compared
ith calculated data based on micro-hardness experimental
esults.. Experimental
The compositions of as-cast alloy used in the present study is Ti–45 at.% Al.
he alloy were cut into rectangular shape samples with dimensions 15 × 15 × 5
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in air-cooled, with grain size about 160m. Furnace-cooled
sample (Fig. 4(d)), also has 2,  and lamellar phases. Lamellar
grains have bigger size than that of quenched and air-cooled,ig. 1. Some applications of -titanium aluminide exposed in highly hydrogen
nvironment: (a) rendering of a city of fuel cell site; (b) and (c) some parts used
n chemical industry [5,6].
all dimensions in mm), where only one face of the 15 × 15 area was exposed
o the electrolyte.
The samples were heated up to 1200 ◦C, held for 30 min and then cooled at
hree different cooling rates, i.e. water-quenched, air-cooled and furnace-cooled.
here were three samples used for the experiment as described in Table 1.
his microstructure control through heat treatment is schematically depicted in
ig. 2. The specimens after heat treatment were analysed using X-ray diffraction
echnique.
The heat-treated samples were metallographically prepared prior to corro-
ion testing by cathodically charged with galvanostatic mode in 1.0 M sulfuric
cid (H2SO4). A constant current density during the experimentation equal to
A/m2 was charged to the system. To prevent the evolution of hydrogen as gas
olecules, 1 g/l thiourea (NH2CSH2N) was added to the electrolyte as hydro-
en recombination poison. During the process of electrolytic charging dissolved
xygen was eliminated by bubbling nitrogen gas through the electrolyte. Charg-
ng was carried out for 6 h. The corrosion system setup is shown in Fig. 3. Upon
ompletion of the charging duration, the specimens were cut at cross-section
rea to analyse and determine the mechanical property, namely micro-hardness
sing micro-Vickers hardness testing machine, and to determine diffusivities
sing hardness property. Scanning electron microscope (SEM), EDAX and
RD were also used to examine the surface morphology of the hydrides
ormed.
able 1
amples and heat treatment processes of Ti–45% Al
ame of samples Heat treatment; heating at
1200 ◦C for 30 min followed by
Water-quenched
Air-cooled
Furnace-cooledig. 2. Schematic temperature–time path used in heat treatment,T, temperature
ransus phase field; Te, temperature eutectoid; Q, quenched; A, air-cooled; and
C, furnace-cooled.
. Results and discussion
.1. Microstructures of Ti–45% Al before and after heat
reatment
The as-cast Ti–45% Al (Fig. 4(a)) microstructure is coarse
nd rather inhomogeneous. It consists of columnar grains, which
uring solidification grow from the shell of the mold towards the
enter of the ingot. The prevailing lamellar constituent consist-
ng of -TiAl lamellar with interspersed 2-Ti3Al plates. They
re surrounded by interdendritic Al rich (∼54 at.% Al)  regions
12]. The grain boundaries of Ti–45% Al are linear and the grain
izes are bigger than duplex structure, which have serrated grain
oundaries [13]. Binary Ti–45% Al heated up to 1200 ◦C would
each + through the Te line (Fig. 4(e)), and phase trans-
ormation will take place. When heating above 1000 ◦C, the
ollowing transformation will occur: 2 +→+→ [12].
or quenched sample (Fig. 4(b)), after phase transformation
hrough Te line, the atoms in phases did not have enough time to
e-arrange themselves due to fast cooling, causing the grains to
ecome small. The grain size of lamellar vary from 70 to 200m.
he lamellar phases formed became fragmented platelets due to
ast cooling with a width of about 7m (Fig. 4(f)).
In air-cooled sample (Fig. 4(c)),2, lamellar and  phases are
ormed. Unlike quenched samples the lamellar grains are biggerFig. 3. Schematic diagram of corrosion system setup.
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cig. 4. (a) As-cast Ti–45% Al; heated at 1200 ◦C; followed (b) water-quenchin
nd (f) fragmented 2 platelets in lamellae phase.
anging from 150 to 420m. Also  grains of furnace-cooled
ample are bigger than that in quenched and air-cooled samples,
.e. about 150–300m. Slow cooling, with rate cooling approx-
mately 10 ◦C/min provide enough time for phases and atoms
n grains to arrange themselves to stable condition and produce
igger grains than those of quenched and air-cooled samples.
Fig. 5 shows the X-ray diffraction spectrums of Ti–45%
l heat treatment before cathodically charged in sulfuric acid.
ig. 4(a–c) show the Ti–45% Al heated up to 1200 ◦C and
ater-quenched, air-cooled, and furnace-cooled, respectively.
hese figures show that the intensity of 2-phase is higher in
he quenched specimen compared to the air- and furnace-cooled
amples. With the lower cooling rate (furnace-cooled) 2-phase
ormed is low compared to the gamma phase [14].
.2. Determination diffusivities using electro chemical data
Electrochemical techniques have been used recently to mea-
ure the diffusion coefficient, D, using various modes [15]. In
his case, the galvanostatic mode was used where a small con-
tant current is passed through the cell for a time interval t. Thus,
constant flux of the diffusing species (in this case, hydrogen) is
aintained at the electrode/electrolyte interface, x = 0. The volt-
ge between the sample electrode (here, the gamma-titanium
luminide) and a reference electrode is monitored as a function
f time during this current flow. The measured voltage at the
ell provides a direct measure of the activity of the diffusing
omponent, in this case hydrogen. Thus, the determination of
C
−air-cooling; (d) furnace-cooling; (e) central portion phase diagram of -TiAl;
he diffusion coefficient of hydrogen in these gamma-titanium
luminide alloys is simply a question of solving Fick’s second
aw [16] with the appropriate boundary conditions.
∂C
∂t
= ∂
∂x
(
D
∂C
∂x
)
(1)
t the electrode/electrolyte interface, assuming steady state is
eached, i.e the amount of hydrogen discharged is constant,
(t) = −zFSD
(
∂C
∂x
)
x=0
(2)
ssuming that the diffusion coefficient of hydrogen is approxi-
ately constant for small changes in composition of the gamma-
itanium aluminide alloys, Eq. (1) becomes:
∂C
∂t
= D∂
2C
∂x2
(3)
Also, since the diffusion is in the perpendicular direction and
he diffusion distance is very small compared to the specimen
rea, one-dimensional diffusion is assumed. Under the exper-
mental conditions mentioned above, the initial and boundary
onditions are:= Co 0 ≤ x ≤ L, t = 0 (4)
D
∂C
∂x
= I
zFS
x = 0, t > 0 (5)
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∂C
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= 0 x = L, t ≥ 0 (6)
ere, C, z, F and S are the concentration of the diffusing
pecies (hydrogen), charge number of the electro-active diffus-
ng species, the Faraday constant and the sectional area common
o both the electrode and electrolyte, respectively. I is the con-
tant current in the electrolytic cell. L, which is the distance from
he surface where ∂C/∂x = 0, is the sample half-thickness, i.e
here the hydrogen concentration approaches the base hydro-
en content of the gamma-titanium aluminide base material.
ith the assumption of constant D for small changes in com-
osition, Fick’s second law is solved for the above boundary
onditions.
The solution to Eq. (3) is in the form of an error function or
nfinte series [17] and for short times it is given by:
s(t) − Co = 2IVm
zFS(πD)1/2
dE
dδ
t <<<
L2
D
(7)
t is convenient to differentiate Eq. (7) with respect to t1/2 and
fter some manipulation [12] to rewrite it as:
dE
dt1/2
= 2IVm
zFS(πD)1/2
(
dE
dδ
)
(8)
ere, (dE/dδ) is the variation in potential of the gamma-titanium
luminide electrode with change in the hydrogen composition
nd Vm is the molar volume of the titanium aluminide electrode.
s can be seen from Eq. (8), the quantity (dE/dδ) can be obtained
rom the slope of a linear plot of E versus t1/2. At longer times
nd for the above boundary conditions, the solution to Fick’s
econd law is also in the form of an infinite series. The higher
rder terms are neglected as an approximation and only the first
wo terms are differentiated with respect to t, which results in
s
a
t
iwater-quenched, air-cooled, and furnace-cooled, respectively.
he following equation:
dE
dt
= IVm
zFSL
(
dE
dδ
)
t >>>
L2
D
(9)
ith the assumption that (dE/dδ) is sufficiently constant, this
alue can be calculated approximately from the slope of the E
ersus t curve at long times (see Fig. 6).
For long times, since the voltage is a linear function of time
see Fig. 6), the diffusion coefficient can also be calculated from
he following equation [15,17]:
E(t) − E(t=0)]t=0 =
ILVm
3zFSD
(
dE
dδ
)
(10)
(t) is the extrapolated intercept from the linear part of the E
ersus t curve at t
√
0. E(t√0) is the net voltage after eliminating
he ohmic voltage change when the current in the electrolytic
ell is turned on. The results of diffusivities calculated from
lectrochemical data are shown in Table 2.
.3. Determination of diffusivities using micro-hardness
est
Calculations of the diffusion coefficient using measured
icro-hardness values have been made for oxygen and nitro-
en diffusivities in titanium-based alloys [18,19]. Although it is
cknowledged that the hardness and hydrogen concentration do
ot strictly vary linearly with each other, approximate linearity
oes exist for relatively dilute concentrations of solute [8] as
ould be the situation in this case.
Furthermore, since it is impossible to determine the micro-
ardness exactly at the surface, a measurement very close to the
urface, which is at cross-section area per depth was taken and
ssume to correspond to surface concentration. In this research,
his simple but effective technique was used mainly for compar-
son purposes.
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Table 2
Values of D calculated from electrochemical methods and micro-hardness test results
Name of
samples
Heat treatment; heating at
1200 ◦C for 30 min followed by
E (E(t = 6) −E(t = 0)) D calculated from
Eq. (10) (cm2/s)
Hardness values in
three location:
Hv1, Hv2, Hv0
D calculated from
micro-hardness
test (cm2/s)
A −6 −6
B
C
p
s
t
F
T
a
w
d
rWater-quenched 7.47
Air-cooled 0.26
Furnace-cooled 0.25
The variation of micro-Vickers hardness (Hv) in the subscale
er depth is due to the variation of concentrations of diffusing
pecies of the hydrogen. Assuming (C−C0) to be proportional
o increase of Hv over the bulk value (Hv − Hv0) [19];
C − Co
Cs − Co =
Hv − Hvo
Hvs − Hvo (11)
ig. 6. Potential variation with time during hydrogen charging (a) and (b)
i–45% Al water-quenched and air-cooled. (a)–(c) Ti–45% Al water-quenched,
ir-cooled, furnace-cooled, respectively.
o
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t
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a3.98 × 10 220, 321, 337 1.48 × 10
0.56 × 10−6 348, 357, 330 7.6 × 10−6
3.4 × 10−6 306, 284, 295 0.29 × 10−6
here C is the concentration of diffusing species at a given
istance. Value Co/Hvo and Cs/Hvs denote bulk and surface,
espectively. As the specimen surfaces were flat and the depths
f diffusion field were very small compared to the thickness
f samples, the problem may be treated as unsteady diffusion
hrough a semi-infinite flat specimen. Assuming that (i) diffusion
ccurred through a single phase; (ii) no internal oxidation in
he diffusion field; (iii) the diffusion coefficient (D in cm2/s)
as constant in the entire diffusion zone; and (iv) the surface
oncentration (Cs) was constant and not a function of time, Eq.
11) can be combined with the standard diffusion equation to
btain;
Hv − Hvo
Hvs − Hvo =
C − Co
Cs − Co = 1 − erf
(
z
2
√
Dt
)
= erfc
(
z
2
√
Dt
)
(12)
here z is the distance from hydride interface (in cm) and t is the
nown exposure time (in s). It maybe noted for some experimen-
al conditions the micro-hardness profiles exhibited either scatter
r insignificant variation. Determination of diffusivity for these
ases would be unreliable. In this case the assumption of con-
tant surface concentration (Cs) in Eq. (12) may not be strictly
alid as Cs may vary due to variation in the nature of growing
ydride on the surface with time and Eq. (12) is not expected to
e obeyed well. Therefore, the technique consisted of picking up
arious pairs of points on the smoothed micro-hardness versus
istance curve and employing the following procedure; for two
iven points 1 and 2, the parameter Y12 could be obtain on the
asis of Eq. (12) as follows [18]:
12 =
(
C1 − Co
C2 − Co
)
= erfc (z1/2
√
Dt)
erfc (z2/2
√
Dt) =
Hv1 − Hv0
Hv2 − Hv0 (13)
here Hv1 is the micro-Vickers hardness value at location z1,
v2 at location z2 and Hv0 the bulk micro-Vickers hardness
alue. Since Y12 is a ratio, errors in the estimated values of D
ould partly be eliminated due to cancellation effect. This also
liminates Cs, which is an unknown. This is the rationale behind
he procedure based on Eq. (13). The diffusivity (D) is the only
nknown parameter in the above equation as the exposure time
or each experiment is known. By using an error function, values
f D were obtained, as shown at Table 2..4. Diffusion coefficient analysis
The D value obtained by using electrochemical data is
lmost similar to those calculated from the micro-hardness
K. Suardi et al. / Journal of Materials Proce
F
i
r
a
f
m
D
n
m
D
v
f
d
n
s
g
i
s
s
t
p
s
a
t
w
r
l
e
l
s
f
F
4
•
•ig. 7. Crack occur at grain boundaries and at platelets between 2 and  plate
n lamellar phase: (a) ×300 and (b) ×1000 (continued).
esult (see Table 2). However, sample A, B and C show vari-
tion by factors of 2.68, 13.5 and 11.7, respectively. Those
actor values are acceptable considering the difficulties in
icro-hardness measurements close to the surface. Values of
for hydrogen in commercially pure polycrystalline tita-
ium have been recently reported from permeation experi-
ents to be D = 2.6 × 10−10 cm2/s for interstitial diffusion and
•
Fig. 8. Heat-treated Ti–45% Al after charged (a) air-ssing Technology 185 (2007) 106–112 111
= 9.1 × 10−5 cm2/s for grain boundary diffusion [20]. The
alue of D reported in this research is similar to the value of dif-
usion coefficient for grain boundary diffusion. It remains to be
etermined if this hydrogen diffusion in Ti–45% Al is predomi-
antly diffusion through along grain boundary and interlamellar.
From different microstructure generated by heat treatment
hown in Table 2, sample A was the worst permeated by hydro-
en compared to others. It also can be explained from SEM
mages in Fig. 7. Hydrogen ions attack caused severe corro-
ion on the water-quenched Ti–45% Al sample. Water-quenched
ample contains more percentage of 2-Ti3Al (hexagonal struc-
ure), as shown in Fig. 5(a). It is acknowledged that 2-Ti3Al
hase absorb more hydrogen than -TiAl phase (tetragonal
tructure) [10,11].
There are many cracks at the grain boundaries and cracks
t the platelets between 2 and  in lamellar phase occurred in
he quenched sample. The present results are in good agreement
ith previous investigations [21,22].
Other research studies by Abe et al. and Hashi et al. [23,24]
eported that hydrogen induced local amorphization at inter-
amellar boundaries in lamellar phase. These facts probably
xplain why cracks occur at the grain boundaries and at inter-
amellar regions.
Cracks at the grain boundaries also occur in the air-cooled
ample but slightly less than those in the quenched sample. The
urnace-cooled sample showed the least of cracks as shown in
ig. 8.
. Conclusions
The room temperature diffusion coefficient (D) of hydro-
gen in heat-treated gamma-titanium aluminide (Ti–45% Al)
are (3.98, 0.56, 3.4) × 10−6 cm2/s for water-quenched, air-
cooled and furnace-cooled, respectively. Those values were
compared using micro-Vickers hardness measurement, with
D values are (1.48, 7.6, 0.29) × 10−6, respectively.
It is deduced that hydrogen may have diffused through the
grain boundaries and interlamellar regions between alpha-2
and gamma platelets.
It was found that variation in microstructure has an effect
on the hydrogen attack with quenched sample was the worst
cooled sample and (b) furnace-cooled sample.
1 roce
•
A
S
u
R
[
[
[
[
[
[
[
[
[
[
[
[
[12 K. Suardi et al. / Journal of Materials P
attacked by hydrogen embrittlement compared to air-cooled
and furnace-cooled samples.
It is deduced that higher cooling rate in heat treatment of
Ti–45% Al result in low resistance to hydrogen permeation
to the alloy.
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